Elevated soil concentrations of antimony (Sb) and co-contaminants are frequently encountered where antimony has been mined on a large scale. For instance, the Xikuangshan antimony mine in central South China has sustained, over many centuries, dispersed and spatially variable input of toxic elements into the soil ecosystem. We utilized this unique environment to assess the impact of geochemical conditions on soil microbiology. Geochemical conditions were assessed by monitoring absolute and available fractions of toxic elements and disrupted soil properties. Soil microbiology was studied by high-throughput sequencing and statistical analysis, including principle component analysis and canonical correspondence analysis. Results show that Sb concentrations were ranged from 970 to more than 24,000 mg/kg. As concentrations were three times higher than the regional background values and ten times higher for Pb, 590 times higher for Cd and 30 times higher for Hg. About 5-10% of the total soil Sb was environmentally mobile. Microbial diversity was high, and soil properties such as pH, organic matter, iron and sulfate controlled the absolute microbial activity. We identified strong positive and negative correlations with specific bacterial taxonomic groups which show: (1) an intolerance of available fractions for all elements, e.g., Gemmatimonas, Pirellula, Spartobacteria; (2) a good tolerance of available fractions for all elements, e.g., Povalibacter, Spartobacteria; and (3) a mixed response, tolerating available Sb, Hg and Cd and inhibition by As, Pb, e.g., Escherichia/Shigella and Arthrobacter, and in reverse, e.g., Gemmatimonas and Sphingomonas. The site hosts great diversity dominated by Gram-negative organisms, many with rod (bacillus) morphologies but also some filamentous forms, and a wide range of metabolic capabilities: anaerobes, e.g., Saccharibacteria, metal oxidizing, e.g., Geobacter, chemoautotrophs, e.g., Gemmata, and sulfur reducing, e.g., Desulfuromonas. The bioremediation potential of Arthrobacter and Escherichia/ Shigella for Sb control is highlighted.
Introduction
Antimony (Sb) is a naturally occurring metalloid capable of forming toxic products, is a suspected carcinogen (Gebel 1997; ATSDR 2019) and has been classed as a priority substance (ATSDR, 2017) . Antimony can be enriched in soils as a result of the mobilization of antimony from minerals and waste antimony ore and activities including mining, mineral smelting and the use of drugs and pesticides (Okkenhaug et al. 2016; Wang et al. 2011) , allowing interaction with the wider hydrological, biological and surface environment (Filella et al. 2007) . In addition, Sb, As, Pb, Cd and Hg frequently coexist in antimony ore deposits (Terry et al. 2015) and the mining of Sb can cause the release of significant amounts of coexisting elements enhancing the potential hazard of the location. For Sb, the toxicity of environmental species varies with Sb (III) of highest potential toxicity compared to Sb (V); consequently, inorganic forms are of greatest interest (Guo et al. 2018) .
A number of examples of mining locations of interest include on the Mediterranean coast in the Marseille region of France, the Hillgrove Sb-Au mine in New South Wales, Australia, and the Xikuangshan (XKS) Sb mine in Hunan, China, which have all been linked to the release of significant amounts of co-occurring toxic elements impacting on the local environment (Okkenhaug et al. 2016; Telford et al. 2009 ), with limited understanding of wider impact of co-contamination with toxic elements (Gebel 1997) .
Despite the toxicity of associated elements, many indigenous microorganisms can survive and thrive in soils and contaminated waters. Microbial enhanced migration as well as geochemical transformation of elements can encourage the precipitation and immobilization, contributing to the remediation strategy to deal with contaminated soils and waters (Ungureanu et al. 2015; Escudero et al. 2019) . Microbial cycling is primarily achieved by reduction, oxidation and methylation among other processes (Magalhaes et al. 2015) . With the aid of PCR-DGGE, it has been shown that Pb and Cd contamination can have a significant influence on the microbial community structure present in soil systems. It is also reported that the concentration of Sb in the environment is an important factor affecting the resistance of bacteria to Sb(III) (Shi et al. 2013) . Luo et al.(2014) adopted qPCR to elucidate the expression of microbial genes in environments highly contaminated with Sb and As (Luo et al. 2014) . They found that abundance of functional genes (e.g., arsC and aioA), diversity index and microbial population structure related to the metabolic circulation of As and Sb were positively correlated with the concentrations of As and Sb in soils (Luo et al. 2014) . Recently, using Illumina sequencing of 16S rRNA, studies reported the investigation of the correlation between microbial community profiles and concentrations of Sb and As in soils and water (Sun et al. 2016a, b; Xiao et al. 2016 Xiao et al. , 2017 . Recent work also includes the use of metagenomics and metagenomic binning to investigate the soil microflora response to As and Sb contamination, providing progresses using state-ofthe-art molecular tools to unravel the interactions between microbiota and Sb and As (Sun et al. 2018; Sun et al. 2017) . Significant positive correlation was demonstrated between groups and the extractable fractions of Sb and As in soils (Sun et al. 2016a, b; Xiao et al. 2016 Xiao et al. , 2017 . In addition, a large number of bacterial genera were found in Sb-rich and As-rich mine soil, including Flavobacterium, Sulfuricurvum, Halomonas, Shewanella, Lactobacillus and Geobacter (Sun et al. 2016a ), suggesting widespread tolerance to Sb and As exposure, if not utilization. The elements Sb and As have similar chemical behavior and toxicity and frequently co-occur (Terry et al. 2015) , but our current knowledge of the genetics and biochemistry of biological transformation of Sb is still limited compared to the extensive studies on microbial cycling of As (Filella et al. 2007) . A better understanding is required of microbial community structure variation in response to the presence of Sb and associated elements and more significantly their distribution between strongly, partially and non-mobile fractions in the contaminated soil system (Chen et al. 2007 ).
The XKS Sb mine, considered to be the largest antimony mine in the world (He et al. 2012) , is located in Hunan Province, central South China, and provides a unique location to study the interrelation between microbial populations and a range of concentrations of Sb and associated elements in soil developed across the area. Centuries of mining and ore processing have resulted in extensive contamination by Sb, As, Pb, Cd and Hg, with Sb concentrations reaching 527-11,798 mg/kg in soil (Okkenhaug et al. 2011; Guo et al. 2014 Guo et al. , 2018 . To develop effective bioremediation strategies for these disrupted systems, we need to learn more about the influence of element geochemistry on the composition of the microbial community and the metabolic functions of the indigenous microorganisms. Using a combination of molecular, biological and geochemical analytical methods, we studied the microbial population structure in response to soil contamination. Specifically, the objectives were to: (1) analyze dynamics of the community composition and structure of microorganism to cope with different geochemical fractions of toxic elements and (2) to investigate their interrelation to reveal the most important microbial and geochemical controls.
Materials and methods

Study area and sample collection
Field work was carried out in April 2018 with eight bulk samples taken from surface soils in the XKS mining area for the combined geochemical and microbial community analysis ( Fig. 1 ). Detailed description of the site location and regional context is given elsewhere (Guo et al. 2018) . Sample locations are identified as NK1 ~ NK4 and SK1 ~ SK4. Location NK1 is in the north, near the active antimony smelting area, and NK2-NK4 are between the south mine and north mine, with a separation of about 800 m; SK1 is in the south close to a lead and zinc smelting area abandoned 2 years before sampling took place, SK2 is near the southern smelter, and SK3 and SK4 are located near a deposit of smelter slag, about 500 m downstream of the mine tailings. A composite sample was collected at each site from surface soil (to 5-10 cm depth) in a widemouthed container (1 kg bulk soil collected). All samples were immediately transferred to sterile plastic bottles and stored in freezers (− 20°C) pending further analysis.
Geochemical parameters and analytical methods
Subsamples of soil were air-dried until constant weight, and the pH and anion concentrations in the soil samples were measured using the methods in Xiao et al. (2016) . The soil pH was measured using a HACH HQ440d pH meter. Anions in the filtered water extracts were determined with ion chromatography (ICS-90A, Dionex, USA). Total carbon, total nitrogen, total sulfur (to give SO 4 − ) and chloride (Cl − ) in soil samples were determined by PE-240C elemental analyzer (Perkin Elmer, USA) (Xiao et al. 2016) . A subsample was ground using a mortar and pestle, then sieved using a 100-mesh screen, subsequently digested with hydrofluoric acid and nitric acid (5:1 v/v) to provide a clear solution (Xiao et al. 2016 ) and filtered; then, target elements (Sb, As, Pb, Cd, Hg) were measured using a double-channel atomic fluorescence spectrometer (AFS-9700, Beijing Hai Guang Instrument Co., Ltd., China) and atomic absorption spectrophotometer (AA-7002A, EWAI, China). All samples were measured in triplicate with matrix-matched standards. Internationally certified reference materials (SLRS-5 Canadian River water) and internal standards (Rh at 500 mg/L) were used for accuracy of analysis with GBW07310 (stream sediment) of Chinese National Standard that was used for analytical quality control (Xiao et al. 2016 ) with excellent recoveries achieved (± 1.7-8.0%) (Table S1 ).
Sequential chemical extraction
The association of the toxic elements in the air-dried soil was tested using a five-stage sequential chemical extraction method based on Tessier and applied to samples collected on site and a second method modified for As and Sb (Wenzel et al. 2001) , (Tessier et al. 1979) . Although there is considerable discussion surrounding direct correlation with molecular speciation in soils (Bacon and Davidson 2008) , these extraction schemes have been widely applied to provide evaluation as indicators of relative elemental (bio)availability (Lee and Yu 2016; Wei et al. 2010 ) under similar conditions elsewhere (Gal et al. 2006) . A 1 g aliquot of each soil (with replicates) was placed in separate plastic tubes and subject to extraction (Table S2 ). All equipment was presoaked and washed by dilute acid. All extractions were conducted in 50-mL centrifuge tubes at room temperature of 25 °C, and they were shaken at 250 r/min. After each step of the extraction, the solution was centrifuged at 3500 r/min for 20 min and then the supernatant analyzed by ICP-OES (Shimadzu, ICPS-7500, Japan) after appropriate dilution. For the purpose of this study, the extraction data were grouped into three categories: available (exchangeable-F1); poorly available (carbonate + Fe-Mn oxides + organic-F2 + F3 + F4); inert (residual-F5) (Flynn et al. 2003; Xiao et al. 2016 ) (Buanuam and Wennrich 2010; Chen et al. 2007 ). All Guo et al. 2018 for detailed regional context). Site plan shows locations of major ore processing (smelter) and waste (tailings) locations (shaded patches) in relation to samples collected in the study sequential chemical extraction experiments (including modified Tessier for As/Sb) were performed in triplicate, and summed totals of individual extraction fractions agreed extremely well (< ± 10%) with independent total element content (Table S3 ).
16S rRNA high-throughput sequencing of the V3-V4
Total genome DNA was extracted from 10 μg of DNA samples using the EZNA™ Mag-Bind Soil DNA Kit (Omega, M5635-02). All extracted DNA was preserved at − 80 °C until further testing. Both purity of 1% agarose gel and DNA concentration were measured and monitored. To analyze the microbial community, 16S rRNA genes in the V3-V4 region were expanded by the primers of 341F and 805R (Park et al. 2018 ). Ultra-high-throughput sequencing of 16S rRNA genes was performed on the Miseq 2 × 400 bp platform at Sangon Biotech (Shanghai, China). Sequencing analysis was carried out using QIIME software (version 1.8.0) (Caporaso et al. 2010) . Paired-end reads were combined using FLASH software (version 1.2.3). By truncating the barcode and primer sequences, the combined reads were assigned to the samples.
The raw reads were filtered using QIIME software (version 1.8.0) with the criteria previously described (Caporaso et al. 2010) . In order to discover and delete chimera sequences, all the tags were compared with Gold database using UCHIME software (version 4.2.40). The operational taxonomic units (OTUs) at similarity of 97% were clustered using "usearch" software (OmicX, version 5.2.236), and taxonomy of all samples was assigned by the RDP classifier (OMICS_18112, version 2.12) (Quast et al. 2013; Wang et al. 2007 ). The community richness and diversity for the eight libraries were calculated by Chao1 and Shannon indices (Schloss et al. 2009 ).
Data analysis
Both of the weighted and non-weighted UniFrac methods were used to analyze the similarity of microbial populations in different soil samples (Xiao et al. 2016) . Beta diversity and richness were visualized through the use of Mothur software (version 1.30.1) (Schloss et al. 2009 ), and Circos plots were produced on the Web site (http://circo s.ca/).
All significance tests were two-tailed and p < 0.05, which indicated that the difference is statistically significant. In order to choose the main geochemical parameters which had significant impact on community structure of microorganisms, the canonical correspondence analysis (CCA) (version CANOCO 4.5) was adopted in this study (Sun et al. 2016a, b; Xiao et al. 2017 ). The CCA was performed for the enriched genus with a relative abundance of more than 1% in at least one sequencing library. Then, the significance of environmental variables was chosen using 999 artificial forward selections of Monte Carlo displacement tests (Lepš and Šmilauer 2003) . The multivariate method of CCA can directly correlate geochemical parameters with genus abundance. The position of symbol relative to the vector head implies the relationship between the environmental variables and the microbial profile, and the length of the vector reflects the degree of significance of the geochemical parameters in discerning the total microbial population in a library (Xiao et al. 2016; Shi et al. 2013 ). The CCA was performed for interspecies differences, and the correlation between geochemical parameters and relative abundance of primary genus was determined using the SPSS (version 19). Except where highlighted, p < 0.05 indicated a significant correlation. Since the rank correlation coefficient of Spearman is a nonparametric method, no null hypothesis is required for the original data (Xiao et al. 2016) . In at least one library, only the relative abundance of genus exceeded 1% of the total genus, and the main geochemical parameters of interest were selected for analysis in this study.
Results and discussion
Spatial distribution of Sb and associated elements in XKS soils
The distribution of total concentrations of Sb and associated elements (As, Pb, Cd and Hg) in the soil samples, and the absolute availability in extraction fractions are shown in Table 1 . The Sb tot ranged from − 970 (SK4) to > 24,000 mg/ kg (NK1), with a mean Sb tot concentration of 5426 mg/kg. The available Sb (Sb avail ) varied from − 20 (SK4) to 200 mg/ kg (NK1). The poorly available Sb (Sb pavailo ) fraction accounted for between 19% (SK3) and 34% (NK1) of Sb tot , ranging from 246 (SK3) to 1890 mg/kg (NK1). The portion of the Sb avail was higher in the North ore (6.26-10.56%) than in the South ore (4.54-6.47%) samples. Although the portion of Sb pavail was between ~ 22% and 34%, the result is lower than that of previous findings (Xiao et al. 2016 ) and may reflect effects of weathering in the surface soils. However, the absolute amounts of the Sb avail and Sb pavail ranged from 229.30 to > 8380 mg/kg, reflecting a strong potential ecological risk for soils in the study area (Buanuam and Wennrich 2010) . The soils close to the XKS smelter, especially at SK1, SK4 and SK2, are particularly contaminated, and the average concentration (> 5400 mg/kg) of all samples is magnitudes higher than the Hunan Province Chinese background value (2.98 mg/kg), but agrees with results of work by others in the area (Mo et al. 2013; Okkenhaug et al. 2011) . These levels are also much higher observed at other Sb ore and processing zones which are considered to be seriously polluted, including the Sb smelter in northeastern England (~ 1500-5000 mg/kg) (Ainsworth et al. 1990 ), the Yata Au mine (1163 mg/kg) (He et al. 2012) , and the majority of locations at an abandoned antimony ore area in Italy (27-> 15,000 mg/kg). In NK1, NK4 and SK1, the Sb tot was much higher than other locations due to their proximity to the smelter. Preliminary data confirm that stack emission is the main source of local pollution (Mo et al. 2013; Okkenhaug et al. 2011 ). In addition, while the Sb tot decreased with increasing distance from the smelter, the portion of Sb avail increased showing increased environmental availability but proportionally low compared to data from other environments (Flynn et al. 2003; Ollson et al. 2017; Xiao et al. 2016 ) and reflects aging/weathering of the surface-oxidized layers of the site.
The concentrations of As, Pb, Cd, Hg and their available fractions are summarized in Table 1 . The mean As tot , Pb tot , Cd tot and Hg tot concentrations in the soil samples were 45.37, 290.26, 47.08 and 2.71 mg/kg, respectively, representing 3.2, 10.8, 595.9 and 30.1 times the Hunan Provincial background value (Pan and Yang 1988) . The results confirm the significance of the co-contamination levels for As, Pb, Cd and Hg. In addition, the available fractions of these elements were also relatively low. In this study, both Cd and Hg are more significant pollutants than As, which is unusual for Sb mines and other industrially contaminated locations (Okkenhaug et al. 2011; Xiao et al. 2017 ) despite its significant abundance in the primary ore deposit. This may be the result of the specific smelter processes taking place at this location (Guo et al. 2014) and differences in the mineralogical association (Sb as mixed oxides/sulfides, while other associations predominantly with sulfide phases). The physical and chemical parameters of the soil samples are also summarized in Table 1 . The soil pH was fairly uniform with a range between 6.14 (NK2) and 7.71 (SK1). The bulk properties of the soil samples were broadly consistent across the whole sampling area.
Taxonomic classification
In total, about 428,968 raw sequence reads of the 16S rRNA gene were acquired from the eight soil samples. Excluding the inferior quality chimeras and reads, about 403,421 clean reads where the average read length was 419 bp were applied to further analysis. The number of OTUs, as well as Shannon and Chao1 indices, is listed in Table S1 . The number of OTUs extracted from site NK2 was the highest (4718), in contrast to NK1 which was the lowest (1809). The results showed about 38.3% of total reads appeared once in the eight libraries. The correlation between OTUs of bacteria and different sites was shown in the co-occurrence networks (Fig.  S1 ).
In total, approximately 30 phyla were identified in the soil samples. The difference in the abundance of classification groups is the main factor influencing the overall classification model. Most of these clean reads were related to Proteobacteria. Proteobacteria accounted for 36.2-83.2% (mean 54.1%) in the eight libraries and was more abundant in North ore zone (Fig. S1 ). Acidobacteria accounted for 36.2-83.2% of raw reads which were the second most abundant phylum. Bacteroidetes (2.4-12.9%), unclassified (1.1-10.4%) and Actinobacteria (1.3-12.3%) were the third, fourth and fifth most abundant phyla, respectively. Planctomycetes (0.3-11.3%) was the sixth most abundant phyla in all samples, except NK1 in which it was only 0.5%. As shown in Fig. S2 , Verrucomicrobia, Chloroflexi, Gemmatimonadetes, Firmicutes and Parcubacteria were the other abundant phyla. The order of all abundant Classes including Betaproteobacteria, Alphaproteobacteria, Gammaproteobacteria, unclassified, Deltaproteobacteria, Actinobacteria and Acidobacteria-Gp6 are summarized in Fig. S2 . Among Proteobacteria, Betaproteobacteria accounted for 18.8% of the total reads and was the most abundant class. Subsequently, Alphaproteobacteria, Gammaproteobacteria and Deltaproteobacteria accounted for 15.0%, 14.1% and 5.8%, respectively. Betaproteobacteria and Gammaproteobacteria showed greater abundance in NK1, but lower in NK2.
The relative abundance of major phyla are shown in Fig.  S3 and reflect the response of microbial community to geochemical conditions of each sample (Fig. 2) . Different genera were enriched in the soil samples with "unclassified" as the most abundant in all soil samples (12.97-42.6% of total valid reads in each sample). Specific genera could be identified with high abundance, but varied sample locations:
Escherichia/Shigella in SK1 (25.93%); Sphingomonas in NK3 (8.83%) and SK4 (10.93%); Gp6 in NK2 (9.89%), NK3(5.1%) and SK4 (9.02%). Thiobacillus in SK1 (7.23%), SK2 (8.72%) and SK3 (9.77%). Pseudomonas in SK1 (9.31%). Luteolibacter and Noviherbaspirillum in NK4 (6.24%) and NK1(5.6%).
The PCA highlighted the differences between microbial communities in the soil samples (97% sequence similarity of OTUs) and showed that the microbial communities from South ore zone (SK1, SK2, SK3 and SK4) were clustered, while those from the North ore zone were remote from each other (Fig. 2) . The highest abundant top ten species in the samples are shown in Fig. S4 .
In order to determine the dominant bacterial taxonomic groups related to Sb concentration levels in the soil, the microbial communities in North ore and South ore zones were contrasted with Welch's t test, and the results are shown in Fig. S5 . At the phylum level, the mean proportion of Verrucomicrobia, Chloroflexi, Parcubacteria, Gemmatimonadetes and Firmicutes show different levels; however, all P values were greater than 0.05. At genus level, the mean proportion of Bradyrhizobium, Hyphomicrobium, Thiobacillus and Aridibacter show different levels, and only for Bradyrhizobium is P value lower than 0.05. These finding suggest that there is no obvious difference in microbial population structure between the north and south mining areas.
Relationship of Microbial community and available toxic element fractions
The heat map showing strength of correlation between species abundance and the relative availability of the individual elements in the study is shown in Fig. 3 . Supplementary information contains a definition of the chemical fractions. We can identify three distinct associations between microbial and chemical responses:
1. Intolerance of the available fractions of all toxic elements (e.g., Gemmatimonas, Pirellula, Spartobacteria); 2. Good tolerance of mobile fractions of all elements (e.g., Povalibacter, Spartobacteria); and 3. A specific response showing tolerance of available Sb, Hg and Cd and intolerance of As, Pb (e.g., Escherichia/ Shigella and Arthrobacter) or the reverse (e.g., Gemmatimonas, Sphingomonas). The broad classifications do not highlight any particular associations at the family level. The individual associations provide much more opportunity to understand potential metabolic relationships.
Relationship between the environment conditions and microbial communities
Canonical correspondence analysis (CCA) was the best method to identify possible relationships between geochemical parameters and 16S rRNA gene data in soil samples (Fig. 4) . Sulfate, total nitrogen and total Fe were closely associated with the structure of bacterial community Fig. 3 Spearman's rank correlation coefficients heat map and cluster analysis between available fractions of different toxic elements (Sb, As, Pb, Cd and Hg) and the relative abundance of genus with relative abundance of more than 1% in at least one sequencing library. Different hue indicates different correlation coefficients. Abbreviations are shown in Table 1 . *Significant correlations (p < 0.05); **significant correlations (p < 0.01) Fig. 4 The canonical correspondence analysis (CCA) of the correlation between bacterial libraries at each sample site (NK1-4, SK1-4) and (a) the broader soil geochemical parameters and (b) chemically available toxic element fractions defined by sequential chemical extraction (see abbreviations in Table 1 for definition of individual fractions). Plots highlight association of toxic elements with geochemical parameters such as "S" and isolation of NK1, reflecting the nature of ore processed at that location ( Fig. 4a ). There was positive correlation between microbial communities and SO 4 2− as well as Cl − in libraries except for site NK1. This outlier may indeed reflect the varying ore mineralogy on the site, with the northern deposit extracting Sb associated with oxide mineral phases, additional elements more frequently hosted in sulfide
The relatively short length of total carbon vectors implied that there was no strong correlation between total carbon and community composition compared with other measured factors. There was positive correlation between factors of total nitrogen, total carbon, as well as total Fe and CCA axis 1; however, there was negative correlation between factors of SO 4 2− and Cl − and CCA axis 1 (Fig. 4a ). There was positive correlation between factors of SO 4 2− , total carbon as well as total nitrogen and CCA axis 2, but total Fe and Cl − were negatively correlated with CCA axis 2 in this study.
The CCA highlighted that SO 4 2− had a significant impact on the microbial communities, which corresponds with previous research (Xiao et al. 2016) . The content of SO 4 2− in soil will affect all microbial communities by dominating the distribution of sulfate-reducing bacteria (SRB). The abundance of SRB was linearly related to the content of SO 4 2− in soil samples. For instance, Desulfuromonas was more abundant at NK4 and SK2 which had relatively high content of SO 4 2− . In addition, because the soil samples came from surface horizons, the SRB have lower abundance compared to those found in other studies (Sun et al. 2016a, b; Xiao et al. 2016) . It has also been reported that SRB can transform As and other transition metals (Barton et al. 2015) . Since Sb and As have similar chemistry and toxicity and they often co-occur in natural deposits (Terry et al. 2015) , we speculate that these SRB may participate in the bioconversion cycle of antimony.
The element and compounds of Fe have been identified as important environmental parameters for evaluating the microbial communities (Fig. 4a) . The elevated concentrations of Fe in soil can promote the growth of iron-metabolizing bacteria (Xiao et al. 2016) . Although the abundance of Fe was not particularly high in the soil samples in this study, the total Fe did increase at the NK1, NK3 and NK4 sampling points. These three soil samples also displayed high relative abundances of Hydrogenophaga and Sideroxydans (Lu et al. 2017) which are considered as Fe(II)-oxidizing bacteria. Rhodoferax ferrireducens with the function of Fe(III) reduction (Gault et al. 2011) was also detected in the soil. Thus, we could not exclude that circulation of Fe in soil may coincide with the circulation of Sb as well as As, Pb, Hg and Cd.
The formation of microbial community structure is closely related to the concentration of total carbon and total nitrogen in soil (Cookson et al. 2005; Wang et al. 2014; Xiao et al. 2016) . In this study, Fig. 4a shows that total nitrogen and total carbon were positively related to the communities present. Different proportions of total nitrogen and total carbon can alter the abundance and structure of heterotrophic microorganisms, including Pseudomonas, Anaerolinea and Dechloromonas, which can degrade organic matter (Sun et al. 2015) .
Relationship between toxic element contamination and bacterial taxa
From results shown in Table 1 , most of the Sb, As, Pb, Cd and Hg are associated with inert fractions of each metal. The effects of various fractions of the toxic elements on the total microbial community and individual bacterial groups can be elucidated from the results of CCA, Welch's t test, and Spearman's rank correlations. As CCA demonstrated, obvious correlation existed between different fractions of Sb in soils and the overall microbial communities. The extractable fractions of PTEs, including Sb tot , Sb avail , Sb pavail , Pb avail , Hg pavail , Hg tot and As avail , had strong correlation with the community composition as demonstrated by the length of their corresponding vectors, while the impact of Pb pavail , Cd tot and As pavail was weaker (Fig. 4b) . In addition, all microbial communities except for those from NK1 were negatively correlated with the absolute concentrations of Sb tot , Sb avail , Sb pavail , Hg tot , Hg avail and Pb avail . Desulfuromonas (genus), Thiobacillus (order) and Aridibacter (order) had relatively high abundance in soil more strongly contaminated with Sb, As, Pb, Cd and Hg. The SRB abundance in this study was lower than that in other studies (Sun et al. 2016a, b; Xiao et al. 2016) , reflecting the fact that several samples from this study were derived from aerobic environments compared to the prevalence of studies in anaerobic systems. The Spearman rank correlation implied associations between different forms of Sb, As, Pb, Cd and Hg and bacterial taxa. As shown in Fig. 3 , significant correlations were found between Escherichia/Shigella and all forms of Sb, implying a significant positive correlation between total Sb and this genus. But it was negatively correlated with As, Pb, Cd and Hg forms. Escherichia was enriched in NK1 with relative abundances of 25.93%. It is unclear whether Escherichia can reduce or oxidize Sb and As, but this genus exhibits resistance and ability to survive in Sb-rich soil (Terry et al. 2015; Sun et al. 2016a, b) ; however, this species was not found in other samples.
Pseudomonas occurs widely in various metal-contaminated soils (Kozdrój and van Elsas 2001; Nguyen et al. 2018; Shi et al. 2013) . Notably, Pseudomonas sp. had significant correlation with Sb avail and As avail , while it was uncorrelated with other forms. Pseudomonas sp. was enriched in NK1 (9.31%) and relatively high in SK1 and SK4. Pseudomonas sp. can execute autotrophic and heterotrophic reduction of various metals simultaneously (Amde et al. 2017) , such as Pb and Cd. Pseudomonas sp. are metabolically diverse and can use other electron acceptors, such as Sb(V) and As(V) (Lai et al. 2016; Nguyen et al. 2018) , which may explain the enrichment of Pseudomonas in the environments where Sb, As, Pb and Hg co-occur, and we can therefore confirm the potential role of Pseudomonas sp. in enzymatic Sb and As reduction. Geobacter has been identified as Sb(V)-reducing cultures (Zhu et al. 2018 ) and may be a key performer in the As redox cycle (Hu et al. 2019) . Also, Geobacter can reduce Sb(V) by using micro-molecular organics as electron donors. Soils in this study contained low organic matter, and there were adverse redox conditions, which may both explain the low abundance of Geobacter in all sites. High-valent metal reduction combined with organic compound oxidation by microorganisms has been widely reported (Methé et al. 2003) , and Pseudomonas and Geobacter may possess great potential for bioremediation of sites with co-contamination of Sb, As, Pb, Cd and Hg (Sun et al. 2016b ).
There was a positive correlation between Noviherbaspirillum and Sb tot as well as Sb avail , while it was negatively correlated with both Cd pavail and Hg pavail . Noviherbaspirillum was enriched in NK1 (5.6%) and demonstrated relatively higher abundances in NK2 and NK3. However, there are no previous studies relating to Noviherbaspirillum with Sb or As resistance and cycling, highlighting our limited knowledge on microbial metabolism of co-contaminants Sb, As, Pb, Cd and Hg.
Arthrobacter was positively correlated with Sb tot (p < 0.05), Sb avail (p < 0.05) and Pb avail (p < 0.05), while it was negatively correlated with As pbioavail as well as Hg pavail , mutation is required to investigate the exact role of these bacteria in soil.
The relative abundance of Thiobacillus was enriched in SK1 (7.23%) and SK2 (8.72%) and demonstrated relatively lower abundances in other sites. However, significant correlations between Thiobacillus and any metal forms were not observed in this study. The Thiobacillus was isolated in strongly acidic acid mine drainage environments and was also detected in As-rich and Sb-rich soils and sediments (Sun et al. 2016a, b; Xiao et al. 2016 Xiao et al. , 2017 . Thiobacillus possess Sb resistance operon and can oxidize Sb 2 S 3 to Sb(III) or Sb(III) to Sb (v), which may explain the high abundance of Thiobacillus spp. in environments with coexisting Sb and As. Because Sb and As have similar chemical properties and toxicity and they often co-occur (Terry et al. 2015) , Thiobacillus spp. may have the ability to oxidize As(III).
These specific relationships provide a strategy to enable optimization of conditions for bioremediation steps to be optimized.
Conclusion
The relationship between toxic elements and the microbial communities in soil from the XKS antimony highlighted that both the specific forms of toxic elements (Sb tot , Sb avail , Sb pavail , Pb avail , Hg pavail , Hg tot and As avail ) and overall control by local geochemical conditions (SO 4 2− , Total Fe and total nitrogen) determine the overall population structure. Associations have been identified between taxonomic groups which are tolerant or intolerant to available chemical fractions and others which were chemically more sensitive. There was positive correlation between the abundance of several bacterial taxonomic groups including Hydrogenophaga, Thiobacillus, Geobacter, Arthrobacter, Pseudomonas as well as Aridibacter and high levels of available toxic elements. The microbial diversity within the site is dominated by Gramnegative organisms (many with rod (bacillus) morphologies but also some filamentous forms) and with a wide range of metabolic capabilities (anaerobes, e.g., Saccharibacteria, metal oxidizing, e.g., Geobacter, chemoautotrophs, e.g., Gemmata, sulfate reducing, e.g., Desulfuromonas). These results provide a framework to develop site relevant, optimal remediation approaches based upon, e.g., bio-stimulation or bio-augmentation of soil matrices, for example exploring potential of Arthrobacter and Escherichia/Shigella in Sb cycling, particularly controlling site wide runoff and dispersal in local aquatic systems.
